The potential role of xyloglucan endotransglycosylase (XET) in GA-stimulated cell elongation was investigated during leaf expansion in barley {Hordeum vulgare L.). XET activity in aqueous extracts of leaves was detected in all segments along the elongating blade of leaf 1 of seedlings, but was at highest levels in basal segments. Leaf 1 elongation rates of gibberellin (GA)-responsive dwarf mutants were lower than the wild type, and accompanied by reduced levels of XET activity. Leaf elongation rates of the dwarfs increased following treatment with gibberellic acid (GA-J, associated with higher levels of XET activity. The slender mutant, crossed into a dwarfing background, exhibited high rates of leaf 1 elongation and high levels of XET activity without added GA 3 . The elongation of leaf 3 in a GA-responsive dwarf mutant was also studied. Treatment with GA 3 resulted in blade and sheath lengths being 5-fold and 7-fold (respectively) the lengths of controls, and again there were increases in blade and sheath XET activities. To investigate the basis for changes in XET activity levels two XETrelated cDNA clones were isolated. RNAs detected by the two clones occurred at the highest levels in basal segments of rapidly elongating leaves, but they had different distribution patterns along the leaf. Overall, the data indicate that an XET-like activity is detectable in barley leaves, that the activity level and related mRNA levels increase in response to GA, and that their predominantly basal distribution largely, though not exclusively, coincides with known regions of epidermal cell elongation.
Introduction
Plant cell elongation is a turgor-driven process believed to be controlled, both in extent and direction, by the physical properties of the primary cell wall (Cleland, 1981 , Taiz, 1984 . These physical properties could be altered by cleavage of load-bearing cross-links between cellulose microfibrils, leading to wall-loosening and enabling elongation to occur. Non-cellulosic polysaccharides with a /3(l-4)-linked backbone are thought to form these cross-links (Fry, 1989; Carpita and Gibeaut, 1993) and to be cleaved with the promotion of cell elongation. Because continued cleavage would result in weakening of the wall, new cross-links must also be formed. A mechanism for cell wall loosening has been proposed which does not involve net bond cleavage, but rather relies on a balance between bond cleavage and synthesis via transglycosylation reactions (Albersheim, 1976; Cleland, 1981) . In dicotyledonous plants the activity of an apoplastic transglycosylase has been demonstrated in vivo (Baydoun and Fry, 1989; Smith and Fry, 1991) . This enzyme, xyloglucan endotransglycosylase (XET), was shown to cleave within the /S(l-4)-linked xyloglucan (XG) backbone, and transfer the newly formed, potentially reducing terminus to a low molecular weight acceptor substrate, an XG oligosaccharide (Smith and Fry, 1991; Nishitani and Tominaga, 1992) . This reaction formed the basis for an in vitro assay for XET (Fry et al., 1992) , however, it is believed that in vivo the endogenous acceptor substrate for XET is polymeric XG. Transglycosylation between two populations of polymeric XG has been demonstrated in vitro (McDougall and Fry, 1990; Nishitani and Tominaga, 1991) .
The relation between XET activity and the control of cell elongation and organ growth is of considerable interest. XET activity has now been detected in a wide range of plant species, including bryophytes, and monocotyledonous and dicotyledonous angiosperms (Fry et al., 1992) . In grasses and in dicot systems there are reports that the highest XET activity levels were associated with regions of cell elongation (Fry et al., 1992; Potter and Fry, 1993; Pritchard et a!., 1993; Wu et al., 1994; Palmer and Davies, 1996) . For dicotyledonous species, where XG is thought to be the major hemicellulose restraining separation of cellulose microfibrils, such an association would be consistent with an involvement of XET in elongation. However, for cereals, the association of high XET activity levels with regions of elongation is of particular interest. First, the major hemicellulose species in cell walls is not XG but glucuronoarabinoxylan (GAX). For instance only 20% (on a mol % basis) of the hemicellulose fraction extracted from leaves of dwarf maize was XG; the remainder was mixed linkage jS-Dglucans (20%), and GAX with different degrees of substitution (60%, Carpita and Kanabus, 1988) . Second, until recently it was thought that the XG present in cereal walls did not contain a-L-fucose, which is characteristic of dicot XG. Although fucosylation is not required for XET acceptor substrate activity (Lorences and Fry, 1993) , the possibility existed for different functional roles of XG between cereals and dicots. For these reasons, the relevance of XG and XET to elongation growth of cereals has been questionable. This issue still remains unresolved, although recent data are consistent with similarities, rather than differences, between cereal and dicot systems. Low levels of fucose have now been reported in XG from suspension-cultured cells of Festuca arundinacea (McDougall and Fry, 1994) . Furthermore, some grasses have been to shown to contain high levels of XET activity (Fry et al., 1992) . In maize roots XET activity levels were spatially correlated with relative elongation rate (Pritchard et al., 1993; Wu et al., 1994) , and in growing third leaves of maize a peak in XET activity levels occurred somewhat before maximum rates of segment elongation were attained (Palmer and Davies, 1996) . Finally, putative XET cDNA clones have been isolated from wheat (Okazawa et al., 1993) .
Attempts to demonstrate a direct effect of XET on elongation have not been successful (McQueen-Mason et al., 1993) . These experiments involved an in vitro extension assay using isolated cell walls of cucumber, and a negative result must be interpreted with caution. Nevertheless, using the same in vitro system, two proteins ('expansins') which lack XET activity, but which are capable of causing wall extension have recently been described (McQueen-Mason et al., 1992; McQueenMason and Cosgrove, 1994) .
cDNA clones with deduced amino acid sequences closely related to XET have been isolated from a number of plant species (Medford et al., 1991; de Silva et al., 1993 de Silva et al., , 1994 Okazawa et al., 1993; Zurek and Clouse, 1994; Xu et al., 1995; Saab and Sachs, 1995) , although only in two cases has XET activity of the encoded protein been reported (de Silva et al., 1994; Xu et al., 1995 ). An increase in the level of an XET-related mRNA has been shown during the promotion of soybean epicotyl elongation by brassinosteroid (Zurek and Clouse, 1994) .
In this study the regulation of XET in relation to leaf elongation in barley has been investigated. Gibberellins (GAs) are potent regulators of leaf elongation in barley, especially in GA-deficient dwarf mutants (Zwar and Chandler, 1995) . The effects of GA deficiency or GA 3 treatment on leaf and stem elongation are accompanied by changes in epidermal cell length as well as cell number (Kohler, 1976; Sauter and Kende, 1992) . The aim was to determine if there were associated changes in XET activity and XET mRNA levels, and investigate the spatial relation between any such changes. GA-responsive dwarf mutants of barley were used, as well as the slender (sln-1) 'overgrowth' mutant.
Materials and methods

Plant material
Barley (Hordeum vulgare L.) lines were 'Himalaya' (the tall parent), two GA-responsive dwarf mutants of Himalaya (Ml 17 and M489), and a derivative of Ml 17 carrying the slender (sln-1) mutation (M43). Himalaya grains were originally obtained from Pullman, WA, but have been propagated in Canberra. Ml 17 and M489 are GA-responsive dwarf mutants of Himalaya, isolated following sodium azide mutagenesis. Ml 17 has been described elsewhere (Zwar and Chandler, 1995) and the grains used in this study were from a stock which had been through three back-crossing generations on to the parent Himalaya. M489 is a more severe dwarf than Ml 17, and in a different complementation group (PM Chandler, unpublished data) . The M489 material used in this study had been through a single back-crossing generation. The slender (sin-1) mutation was introduced into Himalaya by successive back-crossing (with Himalaya as the recurrent female) from the original variety 'Herta' (Foster, 1977) . Back-cross 6 material was allowed to self, and this segregating stock of sln-1 crossed with Ml 17. The F, plants were allowed to self, and dwarf plants re-isolated in the F 2 generation. Several of these dwarf lines showed segregation in the F 3 generation of 3 dwarf: 1 slender, indicating that they were heterozygous at the slender locus (Sln-l/sln-1). One line was selected, and the segregating stock of sin-1 in an Ml 17 background was designated M43.
Elongating leaf systems
Leaf 1: Grains were surface-sterilized, washed in HC1 solution, rinsed in sterile water and germinated in sterile filter paper envelopes in the presence of water (control plants) or lOmmol m" 3 GA 3 (Sigma Chemical Co., >90% of total GAs) and grown under conditions of continuous low intensity fluorescent lighting at 20 °C for 4 d before harvesting (Chandler and Jacobsen, 1991) . Leaf 3: M489 grains were germinated and seedlings grown in perlite/vermiculite (1:1) in controlled environment growth cabinets with 16 h light (18°C) and 8h dark (13°C). GA 3 was dissolved at 1 ftg mm" 3 in 50% (v/v) acetone and 5 mm 3 applied to leaf 1 on day 7 from planting (just before or at the onset of leaf 3 blade elongation), and again on day 14. Corresponding control treatments consisted of 5 mm 3 of 50% acetone.
Processing of leaves
Leaves (blades from the leaf 1 system, sheaths and blades from the leaf 3 system) were harvested, measured, and processed as either the intact blade or sheath (10-30 leaves), or first cut into 10% or 20% sections (40-70 leaves). The enclosed blade material of younger leaves was removed from sheath samples. For XET activity determinations, leaf samples were homogenized on ice in 20 mol m~3 MES (pH 6.0) containing lOmol m~3 CaCl 2 , and 10 mol m" 3 Na wo-ascorbate, using a Polytron (KJnematica) at a speed of 30 krpm, for 2min. Homogenates were cleared by centrifugation at 16 kg for lOmin, and the supernatant decanted and stored at -80 °C before XET activity was assayed as described below. Total RNA was prepared from leaf material following the method of Chandler et al. (1983) with the exceptions that leaf sections (0.1-0.5 g) were homogenized with a Polytron (30 krpm for 2 min), and there was no removal of DNA by high salt precipitation. Pelleted nucleic acids were dissolved in 0.3-0.5 cm 3 H 2 O, and the concentration determined by measuring absorbance at 260 nm.
Preparation and analysis of XG (donor substrate) and ohgosaccharide (acceptor substrate)
XG was purified from Tropaeolum majus (nasturtium) seeds following the method of Edwards et al. (1985) . Nasturtium XG (70 mg) was digested by Trichoderma cellulase (1%, w/v) in 100 mol m" 3 Na acetate buffer, pH 4.7, for 5 h at 25°C. Insoluble material was removed by centrifugation, and the soluble hydrolysate was subjected to gel permeation chromatography on Bio Gel P-2 (Pharmacia). The products of cellulase digestion were eluted from the column with 0.05% chlorbutol (l,l,l-trichloro-2-methyl-2-propanol) together with internal molecular weight markers of blue dextran and glucose (each 1%, w/v). Hexose present in the eluent was determined by the anthrone method (Dische, 1962) . Fractions eluting with a A", v of between 0.33 and 0.47 containing 'XG oligosaccharides' were pooled (McDougall and Fry, 1990 ). Radio-labelling of oligosaccharides (60 mg dry weight) was carried out with 925 MBq NaB 3 H 4 (specific activity BGBqmmol" 1 , Amersham) at a final concentration of 0.5 kmol m~3 in 150 mm 3 of 1 kmol m~3 ammonia solution at room temperature for 4 h. Excess NaB 3 H 4 was removed by the method of Fry (1988) . [ 3 H]Oligosaccharols were re-purified by gel permeation chromatography as described
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above. Fractions were assayed for hexose as above and radioactivity by liquid scintillation counting. Fractions eluting with a A^v of between 0.17 and 0.51 were pooled and dried in vacuo. Portions of [ 3 H]oligosaccharol preparation were subjected to the following analyses: trifluoroacetic acid (TFA, 2 kmol m~3) hydrolysis, Driselase digestion, and Trichoderma cellulase digestion (Fry, 1988) . Products of TFA hydrolysis and Driselase digestion were separated by descending paper chromatography on Whatman 3MM paper in butanone/acetic acid/boric acid-saturated water (9:1:1, by vol.) and in ethyl acetate/pyridine/water (8:2:1, by vol.). The position of 3 H-labelled products was determined by liquid scintillation counting. Cellulase digestion products soluble in 70% (v/v) ethanol were loaded on to silica TLC plates which were developed by repeated ascending chromatography in propan-1-ol/nitromethane/water (5 :2:3, by vol.) prior to autoradiography (Hyperfilm-3 H, Amersham). The preparation was found to contain at least four (and possibly five) 3 H-labelled components which were resolved by TLC. (Fry el al., 1992) . The rate of incorporation of radioactivity into cellulose binding product was linear for the first hour. The slope of this line was used to calculate each XET activity value, which was expressed as Bq of product formed per hour per mg soluble protein (Fry el al., 1992) . The soluble protein content of extracts was determined by the dye-binding method of Bradford (1976) .
Construction, identification and characterization of XET-related cDNA clones from barley
Two different sets of primers were used to isolate barley XETrelated cDNA clones. The first set was derived from the consensus sequence of EXT cDNA clones (Okazawa et al., 1993) 
was derived from the sequence alignment of the nasturtium XET sequence (NXG1) with the Arabidopsis meri-5 protein (Medford et al, 1991) and a Bacillus subtilis lichenase (de Silva et al., 1993) . Each primer set was used for RT-PCR on total RNA from elongating leaves of Ml 17. The PCR-amplified products were gel-purified, radioactivelylabelled, and used as probes to screen a cDNA library constructed in the lambda-ZAP II vector (Stratagene) using leaf RNA from Ml 17 and M489. Hybridizing plaques were purified, and following in vivo excision, pBluescript clones obtained (Strategene). Two clones were characterized. Clone EXT11 contained an insert of 1193 bp, with a deduced amino acid sequence 97% identical with that derived from a wheat EXT cDNA clone (Okazawa et al, 1993) . Clone PM2 represents a 629 bp portion of an 1150 bp sequence with an open reading frame which showed 42% amino acid sequence identity with wheat EXT cDNA. EXT11 has been expressed in E. coli and has been shown to encode a product with XET activity (PHD SchQnmann and RC Smith, unpublished results), however, preliminary attempts to demonstrate such an activity for the product of PM2 have not been successful. The sequences have been deposited under the accession numbers X91659 (EXT11) and X91660(PM2).
RNA fractionation, blotting and hybridization
Barley leaf total RNA was electrophoresed through 1.5% (w/v) agarose/formaldehyde gels, capillary blotted to nylon membrane (Hybond-N, Amersham) and UV-fixed by standard techniques (Sambrook et al, 1989) . Hybridization and washing was carried out as previously described (Chandler et al, 1983) . Probe was made by random priming insert DNA from clones EXT 11 or PM2 with 32 P-dCTP (specific activity, >3000 Ci mmol"', Amersham) using the MegaPrime kit (Amersham) according to the manufacturer's instructions. After hybridization, membranes were washed and exposed to a phosphor screen, and signal quantified using the Image Quant software (Molecular Dynamics). Duplicate membranes were probed with EXT11 or PM2 and then stripped, re-probed with an 18S ribosomal DNA probe (pTA250.10, Appels and Dvorak, 1982) and the signal again quantified so that slight differences in RNA loading per lane were accounted for in calculating relative mRNA levels. No cross-hybridization was observed between the cDNA clones under the stringency conditions used.
Results
XET activity in the elongating blade of leaf 1 of 'Himalaya' barley
The first leaves of Himalaya barley seedlings were harvested when blades were approximately 70% elongated, but before sheath elongation had commenced. Maximal XET activity (per mg soluble protein) was found in the basal 10% of the expanding blade (Fig. 1 ). Activity decreased with distance up the blade, but was detectable in all sections.
Studies on GA-responsive dwarf mutants of barley
GA-responsive dwarf mutants of Himalaya show large differences in leaf elongation rate when growth on water is compared to growth on GA 3 solutions. Leaf 1 lengths of two such mutants (Ml 17 and M489) were 3-fold greater in the presence of GA 3 (Fig. 2, insets) . The first leaves were harvested from GA 3 -grown and control plants when the blades were about 60-70% of their final length. Levels of XET activity in untreated dwarf mutants were much reduced compared with those detected in Himalaya leaves of the same age (Figs 1, 2A, B) . The distribution 
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Position along blade 1 Fig. 2 . The effect of exogenous GA 3 on elongation and XET activity of GA-responsive dwarf mutants of barley. Ml 17 (A) and M489 (B) seedlings were grown in the presence of GA 3 (10^M) (•) or in its absence (control plants, •). Four days from planting, elongating first leaf blades were harvested and their lengths recorded (insets). Blades were cut into 20% sections (0-20% being the basal 20% of the blade) and XET activity determined.
of XET activity along blades of the dwarfs was similar to Himalaya with maximal values in the basal portion, and decreasing activity with distance towards the tip of the blade. GA 3 resulted in higher levels of XET activity in both mutants, expressed either as activity per mg soluble protein ( Fig. 2A, B) , or permg fresh weight of tissue (data not shown). In GA 3 -treated plants high XET activities were found in the basal 40% of the elongating blade, achieving levels comparable with those found for Himalaya. In both mutants the largest fold-increase in XET activity occurred in the basal 20-40% portion of the blade (approximately 3-fold). XET activity in the basal and 40-60% sections was elevated approximately 2-fold, whereas the activity levels detected in the top 40% of the expanding blade were largely unaffected.
Studies on the slender mutant of barley
The results presented above demonstrate that treatment with GA 3 stimulated blade elongation and extractable XET activity. In barley, the slender mutation results in excessive leaf elongation (Foster, 1977) , despite low levels of endogenous active GAs (Croker el ai, 1990 ). This mutant is interpreted as a constitutive GA response mutant (Chandler, 1988; Lanahan and Ho, 1988) . The effects of sin-1 on elongation and XET activity levels were assessed in the mutant Ml 17 genetic background described above, since the slender phenotype is expressed despite the presence of the dwarfing mutation. Plants homozygous at the M117 dwarfing locus, but heterozygous at the sln-1 locus, produce grains segregating 3:1 for dwarf:slender seedlings. Slender seedlings elongated at approximately 3-fold the rate of dwarf seedlings (Fig. 3,  inset) . In blades from dwarf plants the levels of XET activity and its distribution were similar, as expected, to Ml 17 grown on water (Figs 2A, 3) . Slender plants contained elevated levels of XET activity, the greatest increases compared with dwarf plants being seen in the basal 40% of the blade. Thus, in both leaf elongation rate and XET activity, the slender seedlings resembled GA 3 -treated Ml 17 seedlings. Position along blade 1 Fig. 3 . The effect of slender (sln-1) on elongation and XET activity.
Grains from a stock segregating 3:1 for dwarf (D):slender (•) seedlings were germinated and grown with water. Elongating blades of leaf one were harvested from dwarf and slender seedlings on day 4 from planting and their lengths recorded (inset). Blades were cut into 20% sections (0-20% being the basal segment) and XET activity determined.
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Studies on leaf 3 of a GA responsive dwarf mutant (M489) of barley
The experiments described above studied elongation of the blade of leaf 1. Growth of this leaf is not necessarily typical for other leaves of the plant, since it relies on reserves stored in the grain, the blade differs in shape from the blades of later leaves, and a considerable proportion of its cells is present in the mature embryo. Analogous studies were therefore carried out on leaf 3, which is more representative of a typical foliage leaf (Dannenhoffer et ai, 1990) . GA 3 or control solution was applied to leaf 1 of M489 seedlings in a controlled environment growth cabinet 7 d from sowing grain, and leaf 3 was harvested at different time intervals after treatment (see Materials and methods for details).
Blade of leaf 3:
The period of blade 3 elongation was estimated to be from approximately 1 d after treatment to about 8 d after treatment (Fig. 4A) . GA 3 caused an increase (approximately 3.5-fold) in blade elongation rate which was evident 2 d from application. XET activities in the whole blades of control plants remained at fairly constant levels throughout the period of blade elongation, except for day 2 when slightly higher activities were detected (Fig. 4C) . Whole blades from GA 3 -treated plants had approximately twice the control levels of XET activity from day 3 until the blade had stopped (or nearly stopped) elongating.
Since results with leaf 1 indicated that the distribution of activity was far from uniform along the blade, a sample was taken during the phase of rapid blade elongation so that the spatial distribution of XET activity could be determined (Fig. 5A) . Elongating blades were harvested 5 d after treatment, cut into 20% sections and XET activity determined. GA 3 treatment resulted in elevated XET activity, particularly in the basal 40% of the blade, with the greatest fold-increase occurring in the 20^M)% portion (>5-fold). No increase in XET activity was observed in the top 40% of the blade.
Sheath of leaf 3:
The sheath of leaf 3 began to elongate about 5 (GA 3 -treated) or 7 (controls) d after treatment, and elongation continued for about 5d (Fig. 4B ). Maximal elongation rates in GA 3 -treated material were approximately 5.5-fold higher than maximal control elongation rates. Levels of XET activity in whole sheaths of control plants were relatively constant throughout the period of sheath elongation (Fig. 4D) . The XET activity levels associated with elongating sheaths from GA 3 -treated plants were substantially increased (approximately 2-to 2.5-fold) relative to control plants throughout sheath elongation. To determine the spatial distribution of XET activity in elongating sheaths, samples were taken on day 8 following GA 3 or control solution application, and the results are shown in Fig. 5B . XET activity was present at constant levels throughout the sheath of leaf 3 of Time from GA 3 application (days) Fig. 4 . The effect of GA 3 application to leaf I of M489 seedlings on elongation and XET activity of leaf 3. M489 grains were germinated and grown in perlite/vermiculite in a growth cabinet. Seven days from sowing 5 ^g GA 3 (•) or control solution (O) were applied to leaf I as described in the Materials and methods. Two days following treatment, and on each subsequent day, third leaves were harvested, divided into blade and sheath, their lengths measured (blade. A; sheath, B) and XET activity of whole blades (C), or of whole sheaths (D) determined.
control seedlings. Sheaths from GA 3 -treated plants contained elevated levels of XET activity, particularly in the basal 60% of the sheath. The top 40% of sheaths from GA 3 -treated seedlings also showed higher levels of XET activity compared with the same portions from control sheaths, however, the degree of stimulation was less than in lower segments.
Levels of XET mRNA and an XET-related mRNA along blades of leaf 1
The results above indicate that in blades of both leaf 1 and leaf 3, higher elongation rates following GA 3 treatment were associated with increased levels of XET activity, particularly towards the base of the blade. The similar behaviour observed for the two different blades, despite their developmental difference, provided the basis for subsequent experiments on the blade of leaf 1, since it offers considerable technical advantages. An investigation was carried out to determine whether the effects of GA 3 treatment on levels of XET activity were accompanied by an effect on XET mRNA levels. This was accomplished by isolating an XET cDNA clone, and an XET-related cDNA clone (EXT11 and PM2, respectively), and then assaying levels of their respective mRNAs along the blade. In the elongating first blade of control Ml 17 seedlings, EXT 11 mRNA was present at relatively constant levels along the blade (Fig. 6A, B) . In GA 3 -treated Ml 17 seedlings (Fig. 6A ), EXT11 mRNA levels were increased approximately 6-fold in the basal 20% of the blade. A similar increase in EXT11 mRNA level was found in the basal 40% of blades from slender seedlings. Increases in EXT 11 mRNA levels were much reduced in the remaining, upper portions of blades from both slender and GA-treated Ml 17 seedlings. PM2 mRNA levels were maximal in the 20-40% portion of control blades, with the majority occurring in the basal 60%. GA 3 -treatment resulted in increased levels (approximately 2-to 3-fold) of PM2 mRNA in the basal 60% of the blade, but had little effect in the upper 40% of the blade (Fig. 6C) . In slender seedlings (Fig. 6D ) PM2 mRNA levels were also increased maximally in the basal 60% portion of the blade.
Discussion
Barley mutants with altered leaf elongation rates were used to explore the relationship between XET and leaf • - 
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Position along sheath 3 Fig. 5 . The effect of GA 3 application to leaf 1 of M489 seedlings on the spatial distribution of XET activity along the elongating blade and sheath of leaf 3. M489 grains were germinated and grown in perlite/ vermiculite in a growth cabinet. Seven days from sowing 5 /ig GA 3 (•) or control solution (•) were applied to leaf 1 as described in the Materials and methods. On day 5 following GA 3 or control applications (when the third blades of GA 3 -treated seedings were 59% elongated and those from control seedings were 67% elongated) blades of leaf 3 were harvested, cut into 20% sections (0-20% being the basal segment), and XET activity determined (A). Leaf 3 sheaths were harvested from seedlings on day 8 from treatment (when the third sheath was 34% elongated in GA 3 -treated seedlings, 49% elongated in control seedings), cut into 20% sections (0-20% being the basal segment), and XET activity determined (B).
growth. In GA-responsive dwarf mutants leaf elongation rates increased following treatment with GA 3 and XET activity also increased. Introduction of the slender mutation into such lines again revealed an association between high leaf elongation rates and high levels of XET activity. By contrast, in the Rh(3 mutant of wheat, a GA nonresponsive dwarf mutant, leaf elongation showed no response to GA 3 treatment, nor were increases in XET activity detected (data not shown).
XET activity was detectable throughout the expanding first leaf blade of Himalaya barley, with maximal levels found towards the base of the blade where elongation occurs. XET might be involved in elongation, but the fact that activity was also detected (although at lower levels) in older non-elongating parts of the leaf indicates
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that XET by itself is not sufficient to cause elongation. Other processes, for example those thought to lead to wall cross-linking (e.g. oxidative coupling of wall bound phenolics by peroxidase: Fry, 1986 ), may inhibit elongation in these older cells despite the presence of active XET enzyme. The presence of XET activity in nonelongating tissue suggests that the enzyme might also have a 'housekeeping' role, and raises the possibility that different isozymes of XET might be present in the expanding barley leaf, performing different roles throughout cell development and maturation. These possibilities are discussed further below.
If XET is associated with cell elongation, major changes in activity would be expected in the elongation zone. For all of the leaf systems described here (Himalaya, Ml 17 leaf 1±GA 3 , M489 leaf 3±GA 3 ) estimates have been made of the length of the elongation zone midway during growth of the blade or sheath (data not shown). For leaf blades, the distribution of XET activity peaked within the elongation zone, but moderate activity was still found beyond the zone of elongation. For the sheath of leaf 3 there was no well-defined peak in XET activity and relatively high levels of activity were observed beyond the zone of elongation. Experiments with a greater degree of spatial resolution within the elongation zone are required before it can be assessed whether XET might be associated with the commencement of elongation, or with the rates of elongation that different segments within the elongation zone might attain. Palmer and Davies (1996) investigated XET activity in the leaf 3 elongation zone of maize. A single peak in XET activity was observed, much lower in the elongation zone than where REGR values were maximal. They calculated that the peak in XET activity occurred some 50 h before maximum rates of elongation were observed. XET activity levels outside of the elongation zone were not reported.
Experiments investigating the temporal aspects of GA-regulation of XET activity suggested that XET was not involved in the initiation of GA-stimulated elongation, but rather might be associated with the continuation or cessation of elongation. When GA 3 was applied to leaf 1 at the onset of leaf 3 elongation, an increase in blade 3 elongation rate was evident 2 d following treatment, however XET activity showed only a slight increase at this time. A more substantial GA 3 -stimulated increase in XET activity was found in blades 3 d following GA 3 -treatment; activity levels remained high throughout elongation, and fell once elongation had stopped. Similar observations have been made in comparable experiments investigating the temporal aspects of GA regulation of XET activity during leaf 1 and leaf 2 elongation (data not shown).
Care is required in interpreting data on XET activity levels. First, an oligosaccharide substrate prepared from nasturtium has been used. Although these oligomers are non-fucosylated, they satisfy the structural requirements for acting as acceptors in the XET reaction (Lorences and Fry, 1993) . The in vitro XET activities reported here and in other studies using a radiolabelled oligosaccharide acceptor may not necessarily relate to in vivo activities between polymeric XG molecules within a growing cell wall. Second, there is the potential for competition between the radiolabelled oligosaccharide acceptor and non-radiolabelled oligosaccharides either present in vivo or produced during the course of the reaction. The XET activities determined here are based on reaction timecourses, and are derived from the initial rate of reaction when the slope is linear (r>0.98). By this procedure the aim was to minimize the effects of competition from nonradiolabelled oligosaccharides that might change during the course of the reaction. Third, activity in extracts representing many different cell types has been measured; there is no available information on the distribution of activity between different cell types, nor on the efficiency of protein extraction between different cell types, or with stage of leaf growth. Finally, there is the possibility referred to earlier that the activity measured here is a composite of the activities of several isozymes, with the potential for different patterns of expression.
Cloning studies were initiated to help in eventually resolving some of these problems, and to determine whether the increased levels of XET activity observed following GA 3 treatment might result from higher levels of XET mRNA. Two cDNA clones were isolated; clone EXTl 1 is very closely related (97% deduced amino acid sequence identity) to wheat EXT cDNA (Okazawa el al., 1993) , and has been shown to encode a protein with XET activity when expressed in E. coli (PHD Schunmann and RC Smith, unpublished data). It detected a mRNA which was uniformly abundant along elongating blades of controls, and which increased approximately 6-fold in relative abundance, predominantly in the basal 20% of the blade, following GA 3 treatment. Although EXTl 1 encodes a protein with XET activity, the distribution of its mRNA differs from the distribution of total XET activity, suggesting that there might also be other XET isozymes. Clone PM2, an XET-related clone, detected mRNA with a preferentially basal distribution in both control and GA 3 -treated seedlings, but which occurred at higher levels following GA 3 treatment. Its distribution was very similar to that of total XET activity (compare Figs 2A, 6A ). Based on its sequence relatedness to XET, on the observed associations between changes in PM2 mRNA levels and changes in XET activity, and on their similar distributions along the leaf, clone PM2 may also encode a barley XET mRNA, although clearly an isozyme distinct from that detected by EXT11. Preliminary attempts to detect XET enzyme activity of the protein encoded by clone PM2 have been unsuccessful. The deduced amino acid sequence of PM2 has only 42% amino acid sequence identity with wheat EXT cDNA, but it is noteworthy that a tomato fruit XET cDNA clone showing only 40% amino acid sequence identity with nasturtium XET encoded a protein with XET activity (Arrowsmith and de Silva, 1995) . XET-related genes constitute a gene family in Arabidopsis thaliana (Okamoto et ai, 1994) , and in tomato (de Silva et al., 1994) . It is not known how many XET gene family members or isozymes are expressed in barley leaves, but the data presented here define one XET and an XETrelated mRNA with distinct patterns of expression. Future studies will characterize this family in greater detail, and examine gene expression in different cell types.
Regardless of how many different mRNAs encode enzymes with XET activity, discrepancies between the distribution of mRNAs along the leaf and that of XET activity might still be expected. Firstly, the two parameters are expressed relative to different factors; activity measurements are related to the amount of soluble protein present in the homogenate, whereas mRNA levels are expressed relative to 18S ribosomal RNA. The amount of total soluble protein and the levels of ribosomal RNA may vary independently, both in response to GA 3 as well as throughout leaf growth and development. Furthermore, any variation in the extractability of soluble protein and RNA from leaf tissue would also be reflected in the relative values presented. Secondly, differential stabilities of XET mRNAs and of active XET enzyme within the plant, or post-translational modification of enzyme activity, could also contribute to discrepancies between XET activity and mRNA levels.
The data indicate that increases in XET activity and related mRNA levels are associated with elevated rates of leaf elongation. However, based on spatial distributions and developmental time-courses, it is unlikely that this enzyme is restricted to the onset of elongation. As described earlier, the role that XET might play in the cell elongation of cereals is far from clear. If XET participates in wall loosening by cleavage of tethers that include XG, then other activities or processes probably initiate GA 3 -stimulated elongation. However, it is also possible that specific XET isozymes are involved in the initiation of GA 3 -stimulated elongation, but that these might contribute only a minor proportion of the total XET activity assayed. Different XET isozymes with other roles in cell development might contribute the majority of the activity assayed. An example of such a function would be XETcatalysed incorporation of newly secreted soluble XG molecules into the insoluble wall, via transfer reactions
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between the nascent molecule and molecules already bound to cellulose microfibrils. The synthesis of new cell wall material must accompany wall loosening catalysed by hydrolases if the physical integrity of the wall is to be maintained during prolonged periods of cell elongation. Therefore, GA would be expected to stimulate cell wall synthesis (both the de novo synthesis of cell wall polymers and their subsequent incorporation into the expanding wall), alongside any increases in hydrolytic activity. The characterization of XET-related cDNA clones will provide valuable probes for investigating the spatial aspects of this problem.
